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Abstract. This paper presents a new structure of permanent magnet flux switching machine 
(PMFSM) with multiple different sizes of rotor pole width. The robust single piece salient rotor is 
used to modulate and switch the flux linkage polarity in the armature winding and become the 
fundamental mechanism of these types of machines. The methodology of two-dimensional (2-D) 
finite element analysis (FEA) is used to evaluate the electromagnetic performance of coil test 
including flux line distributions, three phase flux linkage, cogging torque as well as induced emf. 
The resulting performances are analysed based on the variety of rotor pole width to meet the 
requirement of direct drive propulsion of Electric Vehicles (EVs). 
Introduction 
   The conventional internal combustion engine (ICE) has been used in vehicles for personal 
transportation for over than 100 years already. Currently, demands for private vehicles are 
increasing due to the rapid rising rates of world population. Among the main problems related to 
critical increased use of private vehicles is emission. This has been a major contributor to global 
warming or better known as the greenhouse effect which has become an acute issue that must be 
faced by everyone. As a result, the government and related agencies have come up with more 
stringent standards to curb the problem of emissions and fuel efficiency. In order to obtain a wide-
range full-performance high efficiency vehicle while eliminating pollutant emissions, the most 
feasible solution at present is electrical vehicle (EV) which driven by battery-based electric motor 
[1-4].   
   In recent years, flux-switching motors (FSMs) have become a well known and attractive design of 
electric motor type due to their numerous advantages such as high torque density and efficiency. In 
addition, all active parts namely PM, DC field excitation coil (DC FEC) and armature coil are 
located at the stator. This is different as compared to the conventional PM brushless type of 
machine especially internal permanent magnet synchronous machine (IPMSM) for the mean of 
electric propulsion of EVs. Although the design has dominated the market for many years but with 
the location of PM which is inside the rotor part, it will suffer demagnetization effects which 
resulting in eddy current loss to occur in the rotor. Moreover, the high temperature rise is very 
difficult to manage because of the PM location on the rotating part of the motors [5]. Therefore, this 
paper presents a new proposed three phase 12S-10P permanent magnet flux switching machine 
(PMFSM) with variety width of rotor pole along with the impact investigation in order to achieve 
the optimal performances. 
 
Operating Principle of PMFSM 
 
   The very first concept of permanent magnet flux switching machine (PMFSM) was published in 
the 1950s [6]. In general, the FSM can be broken down into three major clusters namely permanent 
magnet flux switching motor (PMFSM), field excitation flux switching motor (FEFSM) and hybrid 
excitation flux switching motor (HEFSM) as illustrates in Fig. 1. 
  
 
 
    
   Both PMFSM and FEFSM have only one single main excitation flux source, respectively induced 
by permanent magnet and field excitation coil whereas both  PM and FECs are being used to 
generate flux in HEFSM. On the other hand, the armature winding and permanent magnet are both 
stationary in PMFSM but magnetic flux linkage can be altered either positive or negative polarity 
depends on the position of the rotating part. Finally, the excitation flux produced by permanent 
magnet flows from stator to rotor and oppositely from rotor to stator in order to accomplish one 
complete cycle. Similarly, this particular operation and principle take place for the rest of FEFSM 
and HEFSM as well. 
 
Design Restrictions and Specifications 
 
   The basic mechanism of flux switching machine is that the laminated iron core type of salient 
rotor is manipulated to modulate and switch the polarity of flux linkage generated by armature 
winding. Excitation sources such as armature and rare earth permanent magnet are located 
alternately on the stator teeth as shown in Fig. 2. This 12S-8P PMFSM is developed with 
configuration of segmented-rotor mounted on the mobile part which resulting in less robust design 
and complicated to manufacture. Unlike wound-field flux switching machine (WFFSM) as depicted 
in Fig. 3 which obviously designed with single piece salient rotor that promises high torque and 
power density for high speed application such as EVs. Nevertheless, the drawback of this design is 
due to its overlapped winding structure between armature and FEC coil which contribute to high 
copper loss and suffering a low efficiency output. 
   Therefore to overcome these limitations, the 12P-10S PMFSM design as shown in Fig. 4 is 
proposed. The design offers salient rotor pole configuration with permanent magnet excitation has 
to have the magnets on the stator acting in a radial direction and attach at the tip of stator pole 
alternately. At initial phase, the layout of the proposed design was developed according to the 
parameters listed in Table 1. Emphasizing on the rotor width, (1) has been subjected in order to 
ensure flux moves equally from stator to rotor without any leakages. Meanwhile, the number of 
turns of armature coil is defined from (2).  
 
 Stator Tooth Width =  Rotor Tooth Width      (1) 
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   From Eqn. (2) , N is number of turn, Ja is current density in armature coil, α is filling factor, Sa 
stands for armature slot area while Ia means rated armature current. In this study, 30 Arms/mm
2
 is 
set to be the current density in armature coil with slot area of 260.39mm
2
, filling factor of 0.5 and 
armature current of 90Arms. Additionally, PM volume is limited to 0.5kg using an irreversible 
NEOMAX-35AH type of metal whereas 35H210 electromagnetic steel is used to construct the part 
of rotor and stator core. Finally, coil arrangement tests are carried out subjected to the variety width 
of rotor pole in order to validate the proposed 12P-10S PMFSM operating principle thus computing 
the significant optimal performances. 
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Fig. 1 Classification of Flux Switching Machine    
  
  
 
 
 
 
 
 
 
 
 
 
 
FEA-Based Performances Analysis 
   The designs are examined using FEA simulations, conducted via JMAG-Designer version 13.0 
released by Japan Research Institute (JRI) and generate a discussion based on flux distribution line, 
three phase flux linkage, cogging torque as well as induced back EMF. Fig. 5 shows 2 topologies of 
proposed PMFSM with 2 different designation of rotor pole width where (a) having 9.6mm size and 
(b) having narrower 6.6mm. Initially, the larger size of rotor design causes more flux leakage occur 
at each end of permanent magnet to distort the flux flow from rotor to stator core and vice versa 
which rising the unwanted harmonics in the system. Flux density configuration shows that the 
maximum value measured at around 2.2119T whereas for the smaller rotor width gauged at 2.1274 
T maximum. 
 
 
 
 
 
 
 
Fig. 2 PMFSM with segmented- rotor Fig. 3 WFFSM with salient rotor 
Fig. 4 Proposed PMFSM with salient rotor 
 
 
Outside diameter of  stator 150 mm 
Width of  stator  tooth 12.5 mm 
Width of  rotor tooth 9.6 mm 
Back iron depth of  stator 11 mm 
Motor stack length 70 mm 
Length of air gap 0.3mm 
Diameter of  rotor 89.7 mm 
No. of  turns per armature coil slot 44 
PM volume 0.5 kg 
 
Table 1. Proposed PMFSM design parameters 
 
Permanent 
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Stator 
Rotor 
U V 
W 
                                            
(a) 12S-10P with rotor width 9.6mm                  (b)  12S-10P with rotor width 6.6mm 
 
Fig. 5 Topologies for three phases PMFSM showing flux plot lines with permanent magnet only 
 
    Coil arrangement test. The main objective of this test is to set the position of each armature coil 
thus validating the operation principle of proposed PMFSM. Consequently, the test is conducted for 
each armature coil separately with counter-clockwise direction of winding as shown in Fig 4. By 
comparing every different coil, the armature coil phases are defined according to conventional three 
phase system U, V and W phases. Fig. 6 illustrates numerous excited flux linkage waveform of U 
phase pertaining to multiple size of rotor pole width. Obviously, the most distorted sinusoidal shape 
emerges from the largest size of 10.6mm rotor pole with maximum flux of 0.00238Wb. Meanwhile, 
the 6.6mm rotor pole width has the capability to compensate all the distortion to form a solidly U 
phase sinusoidal flux linkage waveform. Moreover, the maximum flux occurred at higher value of 
0.0056Wb. Similar observations can be performed in Fig. 7 where the same rotor pole width 
contributes to the solid sinusoidal of excitation 3 phase flux linkage in terms of U, V and W. Due to 
this, the rotor width proposed is expected to provide higher torque and power. 
 
 
 
 
 
 
 
   Cogging torque. At no load condition, the cogging torque of the proposed PMFSM design is 
demonstrated in Fig. 8. Obviously, as the rotor pole width is reduced from 9.6mm to 6.6mm, the 
peak to peak cogging torque decreased from 8.25Nm to approximately 2.08Nm. With this 74.8% 
reduction achievement, it is expected that the motor will offer a significant performances and 
efficiency by eliminating a high vibration or noise.  
 
   Induced voltage. The comparison of back-emf of 2 different sizes of rotor pole width is 
illustrated in Fig. 9. It can be clearly seen that the proposed 6.6mm size has the higher amplitude of 
approximately 6.16V and 9.6mm rotor pole size with only 4.94V. Furthermore, the graph of the 
lower size of rotor pole exhibits a better shape in terms of more consistent sinusoidal waveform.  
 
 
 
 
 
 
 
Fig. 6  Flux linkage of U phase with              Fig. 7 3 phase flux linkage in terms of  
various rotor pole widths                                   U, V, W for rotor width 6.6mm        
 
Fig. 8 Cogging torque                Fig. 9  Induced voltage  
Back-emf [V] 
 Conclusion. Design study and preliminary result analysis of the proposed 12S-10P PMFSM with 
various rotor pole widths has been investigated and discussed in this paper based on 2-D FEA 
approach. The multiple size of rotor poles have been studied comprehensively in order to figure out 
the better and promising machine performances in terms of flux production capability and generated 
torque. The robust construction of rotor part has been the major and significant contribution to this 
study and thus, it can be described as simple configuration with high efficiency machine. On the 
other hand, due to replacement of segmented rotor by salient rotor, the developed mechanical 
strength of the proposed PMFSM is improved and become more suitable for high speed application. 
Three phase flux linkage and cogging torque is improved by rotor pole width variation. Therefore, 
further design optimization and improvement will be carried out by mean of better power and 
torque performances. 
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